Abstract-The reduction of bulk mixed oxides of zinc and titanium of various compositions and Zn-Ti-0 crystalline phases was studied in a thermogravimetric apparatus in Hz-H,O-N, gas mixtures at 550-1050°C.
The first study of the reduction of Zn-Ti-0 mixed oxides was reported by Flytzani-Stephanopoulos et al. (1987) . A lower reduction rate by as much as five times was reported for Zn-Ti-0 solids compared to ZnO reduction by hydrogen at 650°C. However, these experiments were carried out in a fixed-bed reactor, where mass transfer resistance might have been limiting. It has been reported by Hirschwald and Noack (1972) that it is possible to decrease the reducibility of ZnO by the inclusion of a small amount of foreign atoms. They found that the reduction of ZnO can be inhibited by the addition of small amount (1 mol %) of L&O, Al,O, or Ga,O,. They attributed this to a change in the electronic state of zinc_oxi$e. However, no such information exists-for-the addition of TiO, into ZnO.
The objective of this study was to determine whether Zn-Ti-0 materials are intrinsically more resistive to reduction than ZnO and to determine the composition of Zn-Ti-0 that suppresses reduction rate the most. The mechanisms and kinetics of the reduction of Zn-Ti-0 solids were studied and compared with that of single ZnO to elucidate the role of titanium oxide in reduction. Only reduction by Hz was investigated. From the studies of others (Grunze and Hirschwald, 1974 ), reduction of ZnO in H, is faster than in CO. Thus, the reduction rates obtained with H, represent the maximum amount of zinc loss possible in a coal gas atmosphere. In addition, the effect of Hz0 on the rate of reduction was examined since Hz0 is a major component in coal gases, and has been reported (Hegedus and Kiss, 1966; FlytzaniStephanopoulos et al., 1987) to inhibit the reduction of ZnO. The effect of H,S on reduction was also investigated.
Cahn
System 113-X thermogravimetric analyzer (TGA) equipped with a Cahn 2000 electrobalance, a Micricon temperature controller, and a Bascom-Turner data acquisition system. The TGA reactor system is shown in Fig. 1 . The TGA measured the weight loss as a function of the time required for the reduction of Zn-Ti oxides to Zn and TiO,, followed by rapid zinc vaporization. The chemical and physical properties of the solids used in reduction experiments are shown in Table 1 . To ensure that the rate measurements were taken in the absence of gas phase diffusion limitation or equilibrium limitation, small amounts (1-2 mg) of material were used in each test and several samples were sintered at 1ooo"C for 1 h to minimize their surface area. In addition, the gas-flow rate was varied to ensure the absence of diffusional limitation.
EXPERIMENTAL METHODS

Preparation and characterization of solids
Bulk mixed oxide solids of zinc and titanium were prepared by a known method for synthesizing highly dispersed mixed oxides from amorphous citrate precursors (Marcilly et al., 1970 , Courty et al., 1973 slowly (4-6 h) in a vacuum oven at 70-80°C to form a porous solid foam. The solid foam was calcined in air in a mufIle furnace at 720°C for 12 h, producing a porous, homogeneous mixed metal oxide.
Gas-flow rates were set by passing the H, and N, gases through Brooks Model 5850E mass-flow controllers. A gas flow rate of 485 cm3 min-i (STP) was used in the experiments. Water vapor was added to the gas by bubbling nitrogen and hydrogen through a water saturator, maintained at either 25 or 5PC in a three-neck flask assembly. Calibration of the saturator was performed gravimetrically by measuring the weight change in a bed of Drierite placed downstream of the saturator. The saturated gas stream -entered the apparatus side arm through heated lines. A thin layer of solid particles (-1 mg and 90-125 pm size) was placed on a quartz pan suspended by a quartz hangdown wire. Isothermal reduction experiments were performed at temperatures between 550 and 1050°C. Each solid was pretreated in a vacuum oven at 90°C for 1 h to remove any absorbed H,O before it was reacted in the TGA.
It was not possible to directly examine the effect of hydrogen sulfide on reduction since in addition to reduction, sulfidation would also occur. To separate these effects, the solids were first partially sulfided (lo-15%) in 2 mol% H2S-1 mol% Hz-97 mol% N, and then reduced in 10 mol % Hz-90 mol % N2.
The solids were characterized by several bulk and surface analysis techniques.
The elemental composition (zinc and titanium) of the solids was verified by atomic absorption spectroscopy (Perkin Elmer 360 Spectrophotometer) of the solids dissolved in a hot HF-HCl-Hz0 solution ( -90°C). X-ray diffraction (XRD) for identification of crystalline phases in the mixed oxides was performed with a Rigaku RU300 instrument using Cu( Kcc) radiation. Scanning electron microscopy (SEM) with a Cambridge Stereoscan 250 MK3 instrument was used to observe the surface morphology and crystallite size of the solids. Surface areas were measured by a Micromeritics Flow Sorb III 2300 BET apparatus using N, gas.
Apparatus and procedure q mass flowmeter
Kinetic reduction experiments with solids containing various Zn/Ti atomic ratios were performed in a Fig. 1 . Schematic of the thermobalance reactor system. or ZnTiO, which were hard to obtain. Often, mixtures of these phases were formed.
In order to elucidate the mechanism by which the presence of titanium in the solid inhibits ZnO reduction, further kinetic experiments were performed. In the absence of both diffusional and external mass transfer resistances, an intrinsic initial heterogeneous rate expression of the form The initial reduction rate of various Zn-Ti-0 materials listed in Table 1 was measured in 10 mol% Hz--90 mol% N,. The initial rate was calculated by: R, = kc;;,
was used, where k is the intrinsic rate constant. CH2 is the molar concentration (mmol cm-3, of hydrogen which is not surprising considering that Z9T is comprised of 70 wt % ZnO and 30 wt % Zn,TiO, as identified by XRD (Table 1 ). The major difference between ZnO and Z9T was the constant k,. For ZnO, k. was 27.5 mmo1°~4gcm-0~47s-1, while for Z9T it was 17.4 mmo1°.4g cm-0.47 s-l. In contrast, the reaction rate of Z2T remained first order. The activation energy was significantly higher in the presence of water vapor. With a gas containing 10 mol% Hz-3 mol % H,O-87 mol% N,, the activation energy was 43.9 kcal mol-' and k, was 9.27 x 1oscms-I. In contrast, the activation energy was only 24.0 kcal mol-1 for the dry reduction. Water also had an inhibitory effect on the reduction of Zn-Ti-0 solids. Figure 9 shows the Arrhenius plots of Z2T reduction in the presence of 0, 3. and 8 mol% H,O. However, the water vapor affected the reduction kinetics of Z2T less than that of ZnO. The activation energy increased form 37.3 to 44.0 kcalmol-1 and k, changed to 3.36 x lo5 cm s-I. The new activation energy was approximately the same as the value obtained for ZnO reduction (43.9 kcal mol-') in the pesence of 3 mol% H,O. The only difference was that the pre-exponential factor, k,, for Z2T was 2.8 times smaller than that of ZnO. No effect on the reduction of Z2T was observed when a gas mixture with higher Hz0 content (8 mol %) was used, similar to the results for ZnO. A comparative plot of the initial reduction rates of various Zn-Ti-0 materials at 700°C in 10 mol % H,-3 mol% H,O-87 mol% N, is shown in Fig. 10 . The reduction rates of Zn-Ti-0 solids were lower than for bulk ZnO. The reduction rate steadily decreased as the relative amount of TiO, in the solid was increased. Unlike the dry reduction resutls (Fig. 2) , no plateau is shown in Fig. 10 for solids with (Zn/Ti),,,,, < 3. Comparative Arrhenius plots of ZnO, Z2T and Z2T3-b in the presence of Hz0 are shown in Fig. 11 . The activation energies of all solids were approximately the same ( N 44 kcal mol-l) . The difference in reactivity lies in the pre-exponential constant, k,, as listed in Table 2 . For Z2T3-b, the value of k, was 7.1 times smaller than for ZnO. and zero porosity yielded similar initial reduction rate to the low surface area (0.68 m2 g-r) bulk ZnO solid reported here (Lew, 1990). than reduction of the unsulfided solids. In these experiments, only the oxides were reduced. No reduction of ZnS was observed as measured by the weight change. As shown in Fig. 12 , there appeared to be an inhibitory effect on reduction by H$ similar to that found with water vapor. Figure 12(b) shows the ZnO reduction profiles. A sigmoidal shape profile is found for ZnO which has been partially sulfided. Initially ( -z 10 min) the reduction profiles of partially sulfided ZnO and of ZnO reduced in the presence of 3% Hz0 virtually overlap. As the reactant surface recedes from the sulfided layer, sites which are more reactive are exposed and a corresponding increase in rate is observed. The initial rates shown in Fig. 12(a) were measured from the early part of the reduction profiles. Because of some contribution from the more reactive sites and the small change in weight, the initial rate measurements for the partially sulfided solid tend to be on the high side and have some degree of error. In the following section, the reduction mechanism and the role of water vapor will be discussed. Hydrogen sulfide appears to play a role similar to that of water vapor. 
Initial reduction rate of
For Zn-Ti-0 solids, the presence of titanium appears either to eliminate type A sites or modify their reactivity_ The tenfold drop of the ZnO reduction rate in solids with (Zn/Ti) < 3 at 700°C implies that ~tOnliE L type A sites are very sensitive to the presence of titanium. A solid (i.e. Z9T) with only 10 mol% TiO, (based on ZnO-TiO, stoichiometry) has a reduction rate 1.7 times slower than the reduction rate of ZnO in the absence of H,O. Because the activation energy for Z9T reduction is the same as for ZnO and only the pre-exponential factor is different, this suggests that titanium eliminates type A sites. Thus, titanium has a geometric effect on the reduction kinetics of ZnO rather than an electronic effect. If there is a simple linear relationship between the relative amount of titanium and the number of type A sites eliminated, based on the observed reduction rate of Z9T, all type A sites can be eliminated in a solid containing 24.3 mol % TiO, . Experimentally, no further decrease of the reduction rate was observed when the relative amount of titanium was above 25 mol%. Reduction of solids with (Zn/Ti),,,, C 3, therefore, probably proceeds on another type of sites, labelled A', which are not affected by the presence of titanium or the type of zinc titanate compound formed. Similar to A sites, however, A' sites are also poisoned by H,O.
For Zn-Ti-0 solids, in the absence of H,O, the rate expession (9) for type A' sites becomes &, = 6.30~ 104(cms-l) ,-37.3(k=l~~l-')RT ,-"+_ (15)
In the presence of H,O, both type A and A' sites are poisoned and reduction of Zn-Ti-0 solids occurs by type B sites. This conclusion is drawn because of the similar values of the activation energies of Zn-Ti-0 and ZnO solids. The effect of titanium is to decrease the pre-exponential factor in the rate expression. As shown in Fig. 10 , the reduction rate continued to decrease as the amount of titanium dioxide was increased from 0 to 60 mol%.
Thus, the same rate expression as eq. (14) is found for the reduction of Zn-Ti-0 solids in the presence of water vapor. However, the pre-exponential factor decreases as the amount of titanium dioxide in the solid increases. This is very different from the situation without H,O (Fig. 2) 
No corresponding change in the reaction rate accompanied the phase change from Zn,Ti04 to Zn,Ti,O,.
At conversion higher than 66%, the only reactive phase present was Zn,Ti,Oi.
As shown in Fig. 13 , no noticeable change in the reduction rate was observed. For the solid Z2T3-b, consisting of ZnTiO, and TiO, (Table l) After partial reduction of Zn-Ti-0 solids, changes in the color of the solids were observed. ZnO which was initially white, retained the same color after partial reduction. However, Zn-Ti-0 solids, which were also initially white, took on a gray-blue color after partial reduction. Fully reduced Zn-Ti-0 solids also had a gray color. This gray pigment was probably due to some surface reduction of TiO,.
TisO, has a blue-black color. No reduced TiOs phase was detected by XRD analyses which indicated that no bulk reduction of TiO, took place. In addition, the weight loss was not significantly different (within 5%) from what would be expected from the loss of only ZnO.
The solid structral changes in reduction were examined with a scanning electron microscope. Figure 14 shows the SEM micrographs of Z9T unreacted and The unreacted solid [ Fig. 14(a) ] is composed of closely packed crystals (0.1-0.2 pm radius). After partial reduction [ Fig. 14(b) ], it is apparent that some crystals were more reactive than others. Holes which are approximately hexagonal in shape were left where these crystals had reacted with H,. It is surmised that these were ZnO crystals. ZnO crystallizes in the close-packed hexagonal system. Also, ZnO is more reactive in reduction than Zn,TiO,.
As can be seen in Fig. 14(b) , the sizes of the remaining crystals were relatively unchanged after 45% conversion.
SUMMARY AND CONCLUSIONS
A detailed study of hydrogen reduction of bulk Zn-Ti-0 materials has been presented in this paper, aimed at determining whether Zn-Ti-0 materials are intrinsically more resistive to reduction than ZnO and, if so, to identify the Zn-Ti-0 composition(s) that suppress reduction rate the most.
In reaction with H,-N, gas mixtures (zero % H,O), Zn-Ti-0 solids had a lower reduction rate than ZnO at temperatures in the range of 550-1050°C.
With solids containing (Zn/Ti).,,,mie d 3, the initial reduction rate was ten times slower than that of ZnO at 700°C. The activation energy of reduction was 37 and 24 kcal mol-', respectively, for The geometric interaction of titanium with type A and B sites of zinc oxide is believed to cause elimination of these sites. Whether this property is unique to titanium is not clear at the present time. In the early work Hirschwald and Noack (1972) the reduction suppression imparted on ZnO by lithium, aluminum and gallium oxides was attributed to an electronic effect. On the other hand, as mentioned in the "Introduction", the addition of iron oxide in ZnO in the form of the compound zinc ferrite, ZnFe,O,, provides no stability to ZnO against reduction. This may be due to the fact that ZnFesO, breaks up into ZnO and FesO, (or lower valence iron oxides) in a reducing gas atmosphere. In the present study, no free ZnO was found in the zinc titanate compounds reacted in hydrogen. Perhaps the ability of titanium to remain intimately associated with ZnO and, thus, possibly the reactive sites, in a reducing atmosphere can explain why Zn-Ti-0 solids have lower reduction rates than Zn-Fe-O solids. Clearly, however, more information on the effect of various oxides on the reduction stability of ZnO is needed to elucidate the interaction mechanism. Work along these lines is presently in progress.
